Introduction
The reactions of azo coupling of aromatic amines and phenols with the aryldiazonium cations are of great importance in dyes production [1, 2] , in analytical chemistry [3] . The participants (amines, phenols) and products (azo compounds) of the above reactions are priority toxicants of the environment. The diazotization and azo coupling reactions are very important for the NO 2 − [3] and Nnitrosamines determination. Nitrite ion is eco toxicant and priority environmental pollutant, precursor of N-nitrosamines possessing carcinogenic and mutagenic effects. Nitrites are added to meat products to render a market appearance. Actual is the problem of analytical determination of nitrites in foods.
Thus a demand emerges for the diazonia reactivity a priori predictions.
Diazonium cations may be chemically and electrochemically reduced [4] [5] [6] [7] [8] [9] [10] [11] . For many substances, capabilities of being exposed to electrophilic (nucleophilic) attack and undergoing oxidation (reduction) change with symbate character [12] [13] [14] [15] . So a tendency of diazo cations for reduction could be a measure of their electrophilic activity on azo coupling. For establishing an optimal rate of azo dyes formation reactions, appropriate is a priori prediction of reduction potentials and electron affinities for diazonium cations of a given structure followed by their directive synthesis.
Diazonium cations are capable of decomposing to form nitrogen molecules [2, 9, 11, 16] . In order to provide the high dyes yields, satisfactory correctness, reproducibility and other metrological characteristics of analytical techniques, it is desirable to eliminate the above competing reaction, to evaluate quantitatively an extent of decomposition of newly synthesized diazonium salts.
A measure of diazonium cations stability (and at the same time an indicator of their activity as electrophilic agents) can be, in particular, frequencies of stretching vibrations of the atomic group C-N + ≡N bonds [16] [17] [18] [19] [20] [21] .
Direct correct computation of vibrational frequencies is very complicated problem requiring the ab initio approach. Therewith the Hartree-Fock method dramatically (for 200-500 cm −1 ) overestimates the high frequencies (≥ 1600 cm −1 ), considerably underestimates low ones (≤ 300 cm −1 ) and systematically (for 100-200 cm −1 ) overestimates the rest ones because of non-allowance for electron correlation [22, 23] . The latter, even being considered within the framework of MP2 theory, does not contribute to the better situation. The DFT (B3LYP) method is much more successful in simulating the aforesaid values: high frequencies (≥ 1600 cm −1 ) overestimation consists 100-150 cm −1 , low frequencies (≤ 300 cm −1 ) are underestimated to the lesser extent, and moderate ones (300-1600 cm −1 ) are 20-50 cm
overestimated. However, hybride character of DFT (presence of a semiempirical component) in a number of cases leads to great errors for low frequencies (≤ 500 cm −1 ) and to the non-predictible asymptotic behaviour of adiabatic potential at long internuclear distances [24] . For poor-symmetry molecules, the frequencies computation is severely complicated by the unharmonic disturbances as those of Fermi resonance type, by the presence of composed frequencies, decreased number of experimental criteria of assignment. Besides, on the difference between vibrational levels energies comparable to the quantum chemical method error (20-50 cm −1 with respect to DFT), accident coincidence between the computed and experimental frequencies is possible. Therefore it is of value to have simple (established on the basis of semiempirical quantum chemical computations) quantitative interrelations for estimating the vibrational spectra frequencies.
In general, for rather simplified obtaining quantitative relations for the predicting of different physicochemical properties, the semiempirical quantum chemical methods would be reasonable to use.
As will be shown below, vibrational frequencies and electron affinities correlate with the mesomeric dipole moments of substituents in the aryldiazonium cations.
The aim of the present work is finding (on the basis of quantum chemical computations) the quantitative structure -property relationships in order to predict the reduction potentials and some related quantities, electron affinities, stretching vibrational frequencies for fragment C-N + ≡N bonds in aryldiazonium cations, mesomeric dipole moments of atomic groups.
Computational Methods
The computations were performed by means of the PM3 method [25, 26] using the software from the MOPAC package [27, 28] with the complete geometry optimization (Broyden-Fletcher-GoldfarbShanno function minimizer) [29] involving Thiel's fast minimization algorithm [30] . The preliminary optimization was realized by the molecular mechanics method (the MMX procedure) [31] with the software of the PCMODEL complex [31] . In quantum chemical computations, the condition of the gradient norm not exceeding 0.02 kcal/(mol . Å) was preset. In some cases, the sufficient decrease in gradient norm was achieved by means of abandonment of the Thiel's fast minimization routine (the key word NOTHIEL of the MOPAC package was applied), or under optimization with the DavidonFletcher -Powell method (key word DFP) [29] , or by conducting double precision calculations (key word PRECISE), as well as using combined approaches involving the key words NOTHIEL, DFP and PRECISE.
For molecules with closed electronic shells, the computations were carried out within the restricted Hartree -Fock (RHF) formalism [28] . For the radicals formed at the diazonium salts reduction, the unrestricted Hartree -Fock (UHF) method [28] was used.
In calculating the rotational contributions to thermodynamic functions the symmetry number was taken as unity.
The linear regression analysis was performed with the confidence level of 0.95 taking into account the Student coefficient.
Results and Discussion
Aryldiazonia XC 6 For the series of compounds, earlier we have established a correctness of the most important thermodynamic and molecular characteristics reproduction by the MNDO, AM1 and PM3 methods [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] , as well as of electronegativity, inductive and mesomeric parameters of atomic groups [44] .
Among the mentioned methods PM3 seems to provide satisfactory results in obtaining the heats of formation for nitro derivatives [26, 32] and dimethylsulphone [34] . Some of the molecular systems under study contain NO 2 or SO 2 group. That is the reason for selecting the PM3 [25, 26] method for the purposes of this work.
The PM3 method is suitable for quantitative structure -property relationships establishment for series of similar electroneutral or charged species within which possible errors compensate each other due to the fundamental relativistic principle. So it is quite correct to apply the PM3 directly, and there is no necessity to bridge the quantum chemical computations to the molecular mechanics ones, as well as to use ab initio, ECP, DFT or some other more sophisticated approach.
The standard free energy ∆G f values were calculated from the relationship:
where the standard entropies of formation ∆S f were calculated by the formula:
in which S i are the entropies of the elements constituting molecule in their standard states [45] in view of hydrogen, nitrogen, oxygen, fluorine, rhombic sulphur, chlorine, bromine, iodine being the twoatomic molecules; T = 298.15 K.
In our work, the standard heats of formation ∆H f and standard entropies S were generated directly by the MOPAC package.
Of importance is to explain how the S values were computed. The contributions of separate degrees of freedom for translation, rotation and vibration motions to entropy were computed in the rigid molecule approximation (barriers of rotation and inversion far exceed kT) with no allowance for vibrations anharmonicity. The translation contributions were calculated without using quantum chemical computations, and the rotation contributions relying on the data on equilibrium internuclear distances obtained in the course of quantum chemical treatment. Finally, the contributions of vibration components of entropy were evaluated on the basis of normal vibrations frequencies computed by the quantum chemical method. For computing the frequencies after geometry optimization, second-order derivatives of total energy by natural coordinates (force constants) were preliminary computed [46] .
Interrelationship of reduction potentials and some related quantities with electron affinities
Polarographic reduction half-wave potentials (E) depend linearly on the energies of lowest unoccupied molecular orbitals of depolarizers [47] and, thus, in accordance with Koopmans theorem [48] , on their electron affinities (A). It would be reasonable to assume the analogous relationship between the chemical reduction potentials and A.
From the viewpoint of finding the quantitative structure -property relationships in the series of diazonium cations, the reverse problem is also of interest, namely the electron affinities evaluation using the measured reduction potentials. Electron affinity is one of the most important and, at the same time, hard-to-get characteristics of electronic structure, molecules capability of electron-accepting and being reduced. One-electron reduction of diazonium cations leads to the formation of radicals [7] [8] [9] [10] capable of undergoing dimerization [7, 8, 10] :
Basing on the results of polarographic and potentiometric studies of aryldiazonium cations complicated by dimerization [7, 8, 10] , we have obtained the relationships combining the standard oneelectron E R 0 and dimerization E RR 0 potentials, as well as the half-equivalent point potentials E 1/2 obtained on diazonia titration (Tables 1c-1f) . Tables 1a, 1b and 2a, 2b is to be used, depends upon the oxidation mode for which the predictions are to be performed.
The existence of symbate quantitative interrelationships presented above has its simple explanation: the easier the electron addition to diazonium cation, the easier is the reduction of the latter.
In All the aforesaid about confidence limits and a number of significant digits is valid also for the subsequent discussion.
Dependence of one-electron reduction potentials, dimerization potentials, half-equivalent potentials on titration of aryldiazonium cations by sodium methylate upon the stabilization energies of radicals
For theoretical estimation of the E, E R 0 , E RR 0 , E 1/2 values it's reasonable also to use correlations with the stabilization energies of radicals appearing on diazonia reduction.
One can make a logical supposition that for the reactions of diazonium cations reduction, the principle of linear free energy relationships (LFER) [12, [49] [50] [51] is valid, according to which lg(k/k 0 ) = A + B∆W, where k and k 0 are rate constants of any reaction for the compound under study and reference one, respectively; ∆W is a change in some value characterizing the thermodynamic stability of these two substances or their reactive complexes.
Otherwise speaking, provided that a reduction potential is regarded as an analog of activation barrier on reduction and the LFER principle is assumed to be valid, thus an activation energy must be related linearly to a reaction free energy. The main component of the latter is a stabilization energy of radical [52] -the difference between energies of a radical and a molecular system it is formed from.
Since the reduction potentials of diazonium cations and the stabilization energies of radicals formed on their basis are thermodynamic quantities with similar physical meanings, thus a linearity of their interrelation is sufficiently obvious even without the LFER principle involvement.
We 
Correlation of frequencies in IR spectra of aryldiazonium cations with bonds orders, charges on atoms, mesomeric dipole moments, electron affinities
As it has been mentioned in the Introduction, to judge at once the stability of diazonium salts in respect to nitrogen elimination and their electrophilic reactivity, it's of importance to possess information on the frequencies of stretching vibrations in molecular fragment C-N + ≡N.
Taking into account that a bond energy is contributed substantially by a resonance energy [28] ψω ψω ψ ω 2 p β ∑∑ where p ψω is the order of bond between ψ and ω atoms, β ψω is resonance integral, one could suggest a linear relation of stretching vibrational frequencies with bond orders. In Tables 3b, 3c , confidence limits about the c or e parameter are much greater in relative magnitude for the N≡N than for the C-N bond. Such a situation is not stipulated by vibrational effects, since bond order computations do not include vibrational contributions. The semiempirical PM3 method has been parameterized using a set of electroneutral and charged species. Thus, the PM3 is fit for species with charge equal to +1. However, diazonia are absent among the molecular systems of the set chosen for the parameterization. Then, for N 2 , the PM3-computed heat of formation exceeds the experimental value by 17.6 kcal/mol [26] . For the above possible reasons, the PM3 method may be more adequate for the C-N bond order evaluation, than for the N≡N one. Nevertheless, the correlation coefficient r values are sufficiently high in all cases, and the predictive interrelations obtained are valid, since the centre of statistical distribution is more important than confidence limits about the slope and about the intercept.
We shall now highlight two important points.
1. Vibrational frequencies of diazonium cations decrease with increasing π-electron-donor ability of substituents [54, 55] in 2 and 4 positions:
Furthermore, for 4-substituted phenyldiazonium cations, the frequencies [16, [18] [19] [20] are related linearly to the charges on carbon atoms in para positions of monosubstituted benzenes' aromatic rings (q para ) computed by the CNDO/2 method [54, 55] (Table 4a) . The index q para is assigned to a mesomeric effect of substituents in aromatic molecules [54, 55, 62] .
For substantiating the aforesaid we'll note that the atomic groups electronegativity effect is extended over not more than three chemical bonds and disappears rapidly [12, 50, 51, 54, 55] . At the same time, the mesomeric effect decays more slowly: it is transferred through three alternating bonds, even if vacant orbitals or negatively charged atoms do not take part in conjugation [50] .
The substituents mesomeric effect is carried over ortho and para positions of aromatic ring by means of the same mechanism [12, 16, 50, 51, 56] . It's no wonder therefore that for the frequencies (measured in acetone [16, [18] [19] [20] (Tables 4h, 4i ). In Tables 4d and 4e there are four linear dependences with m = 3. For the number of points equal to three, the correlation coefficient differs from zero significantly for regression provided that it is exactly equal to unity. But even such a rigorous condition is met for the aforementioned data. The latter confirms the fact that the interrelations revealed are not of coincidental character. The validity of (1) and (2) conditions confirms that the electron-donor substituents in 2 and 4 positions stabilize the aryldiazonium cations by increasing a contribution of resonance structures, in which a bond between nitrogen atoms of diazo group is not triple but double, e. g., as it's shown below for 4-hydroxyphenyldiazonium [16] :
The more pronounced are π-electron-donor properties of a substituent in aromatic ring, the less is vibrational frequency ν, N≡N bond order (p NN ) and the higher is the C-N bond order (p CN ), i. e. the less favourably is diazonium cation disposed toward decomposition to produce nitrogen molecule. The more stable is aryldiazonium cation in respect to decomposition, the less it's active as electrophilic agent. Thus the optimal structure (substituents' nature and position) of diazonia presumes a compromise: diazonium ion must display a sufficiently high reactivity on azo coupling at poor capability of entering the elimination reaction. In order to provide an intensive analytical signal therewith, the chromophoric or auxochromic properties of substituting groups are desirable.
Relationship of mesomeric dipole moments and vibrational frequencies of aryldiazonium cations with electron affinities
In accordance with [63] , the potentials of polarographic oxidation and reduction of mono-and disubstituted benzenes are related linearly to the mesomeric dipole moments of atomic groups X.
Because of usual correlation between the polarographic reduction potentials and the electron affinities of electroactive substances [47] , linear dependences would be naturally expected between the computed electron affinities and mesomeric dipole moments of substituents in aryldiazonium cations.
Indeed, we have established the correlations of such type (Table 5a ).
The We have found such relations allowing one to predict both the vibrational frequencies using the computed electron affinities (Table 5b ) and the difficult-to-determine electron affinity values by the experimental vibrational spectra (Table 5c ). One of the independent variables used, A, is subject to error itself. However, such an error, being rather high in the case of experimental determinations and depending on experimental techniques considerably, within quantum chemical evaluations becomes approximately constant for the series of aryldiazonia with similar structure. The latter lets one obtain the above (Tables 5b, 5c ) predictive quantitative relationships.
Conclusion
Using the relationships deduced that combine the potentials with electron affinities and stabilization energies of radicals, one could predict the real values of E, E R 0 , E RR 0 , E 1/2 and A not always available to the experimental measurement.
A priori evaluation of the said parameters by quantum chemical methods is important for molecular design of compounds with given properties (E, E R 0 , E RR 0 , E 1/2 , A), with predictible electrophilic reactivity, may serve as a base for expert decision on reasonability of synthesis that is sometimes labour-and time-consuming, requiring complicated device, rigid conditions, expensive and toxic chemicals.
The existence of linear dependences ν vs q para , ν vs µ m , p NN vs p CN testifies that the changes in frequencies and N≡N, C-N bond orders within the series of 4-XC 6 H 4 N + ≡N cations occur in accordance with the mesomeric effect of atomic groups X. The latter point is substantiated also by the presence of correlations [18, 20] between the vibrational frequencies of diazonium cations and the resonance constants σ + characterizing the capacity of atomic groups X for polar conjugation [56] . In general, the frequencies correlate also with the constants σ, σ * , σ meta , as well as the σ 0 values allowing for the inductive effect of substituted phenyls on the N≡N bond multiplicity [18] [19] [20] . The N≡N bond multiplicities are related linearly to the σ values [19] .
Using the quantitative relationships combining the vibrational frequencies with bond orders, q para quantities, mesomeric dipole moments, one could perform a target-oriented design of diazonium cations with the given stability and electrophilic reactivity, with the expected values of substituents mesomeric parameters, i. e. could synthesize directively the diazonium salts reactive in azo coupling processes and, at the same time, not entering a decay reaction competitive in respect to the key reaction.
The approach to establishing structure -property correlations developed in the present work with respect to the substituted phenyldiazonium cations, provided that the experimental estimations of reduction potentials and vibrational frequencies are available, could be extended over diazonium cations from another series.
The results obtained show that aryldiazonium cations present a series of molecular systems, on the basis of which the predictive interrelationships (alternative with respect to those proposed in the work [44] ) could be stated for evaluating the mesomeric dipole moments of atomic groups. If this problem is solved using the quantitative relations µ m vs A, thus the substituted diazonium cations can be involved whether these exist or not really. An important point is solely that phenyldiazonium is appropriate "matrix", on the basis of which the mesomeric effect of substituents is simulated.
The collection of experimental and computed data on reduction potentials, vibrational frequencies, the values of q para , µ m , will favour the enhancement of reliability of the corresponding quantitative relationships.
At the same time a significant amount of correlations (121, neglecting mutually reciprocal ones) and a sufficiently great number of points in many of them enable one to conclude that the relations found are not of random character and possess a predictive power.
